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FOREWORD

The work reported herein was accomplished at the Cornell Aeronautical
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Branch Chief V/STOL Propulsion Branch, ASD, was the project monitor, The
Transportation Research Command (TRECOM) of the Army Transportation Corp
supported the effort.
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ABSTRACT

An experimental and analytical investigation was made of the effects of
advance ratio on the flutter characteristics of a model helicopter rotor blade.
Analyses were based on linearized equations of motion for the flapping,
pitching, bending and twisting degrees of freedom although twisting was
neglected in the subsequent calculations. Reversed flow effects were inc)Mded
in the evaluation of the aerodynamic forces.

Experimental flutter data were obtained by testing a model helicopter
rotor blade mounted on the CAI/TRECOM Small Rotorcraft Test Apparatus. These
data were compared with the results of calculations based on the linearized
equations of motion for pitching, flapping and bending. The trends of the
theoretical and experimental results were in fair agreement. Lack of good
quantitative agreement is believed to be caused by the absence of an adequate
unsteady aerodynamic theory.
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SUMMARY

An experimental and analytical investigation was made of the effects
of advance ratio on the flutter characteristics of a model helicopter rotor
blade.

Flutter tests were made with the model mounted on the CAL/TRECOM Small
Rotorcraft Test Apparatus at advance ratios from 0 to 0.7. Rotor shaft angle,
collective pitch angle, blade c. g. location, and pitch restraint were varied.

Linearized equations of motion were used to represent the dynamics of the
rotor blade. Reversed-flow effects were included in the quasi-steady theory
used in the development of the aerodynamic coefficients.

To determine the theoretical stability boundaries, an analog computer
was used to solve the coupled pitching, flapping and bending equations of
motion. Increased advance ratio generally decreased the rotor rotational
speed at which the instability occurred. The mpgnitude of the effect of
advance ratio depended on the blade unbalance (i. e.,chordwise c. g. position)
and the ratio of bending frequency to pitching frequency.

Agreement between theoretical and experimental data was only qualitative.
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I. INTRODUCTION

The research program discussed herein was undertaken to obtain information
on the influence of forward flight speed (advance ratio) on the flutter charac-
teristics of a helicopter rotor blade model. This effort is essentially a
continuation of the exploratory program reported in Ref. 1.

The critical flutter speed is a parameter which should be considered by
designers in conjunction with forward flight loads. Even if avoided, the
combinations of advance ratio and shaft rotational speed at which rotor
flutter occurs are important since the magnitude of the response of the blade
to normal forward flight aerodynamic excitation is greatly increased as the
critical flutter conditions are approached.

The need for a better understanding of the aeroelastic properties of
helicopter rotor blades and the need for more accurate means of predicting
these properties have been realized for some time. Continuing effort along
these lines are demonstrating the close relationships that exist among flutter
characteristics, blade aerodynamic loads, blade structural dynamics, vibratory
blade stresses, fuselage vibration, blade response to control movement, flight
stability, and helicopter performance. Limits of present knowledge prevent
the simultaneous evaluation of these problems in the aesign of helicopter
rotor blades. In fact, even the explanations of particular observed phenomena
must be qualified with assumptions regarding the interactions of the components
of the overall problem unless extreme care has been exercised to isolate
only one facet of the rotor dynamic problem.

In recent years, considerable work has been done on the theoretical and
experimental study of rotor flutter in hovering flight (e.g., Refs. 2 to 10).
These studies were summarized briefly in Ref. 10. At the present time, rotor
flutter theory has been developed to the point where fairly good correlation
can be expected between theoretical and experimental results for the hovering
case. However, comparatively little work has been done to determine the
effect of forward velocity on rotor flutter. Reference 11 gives the results
of tests of a scale model of a two-bladed, teetering, jet-driven helicopter.
In these tests, it was found that the rotor speed at which flutter was first
detected decreased slightly as advance ratio was increased from 0 to 0.15.
References 12, 13, and 14 discuss the instability of an unconventional jet-
driven rotor configuration which employed a floating hub and utilized pitch-
cone coupling. For certain ranges of parameters this configuration exhibited
a flutter mode in which blade chordwise bending was the dominant degree of
freedom. In this case, it was also found that the critical rpm at which
flutter occurred decreased with forward speed. The stability of flapping motions

- -------------------------------------------------------------------
Manuscript released by authors, T ecermber 1961, for publication as an ASD
Technical Report.
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was also studied for this configuration. It was shown that a linear math-
wmatical model representing single-degree-of-freedom flapping motions can
indioate instability at high af ome ration (Refs. 12 and 13). This
characteristic arises from the periodicity of the air velocity relative to
the blade as the blade rotates in forward flight.

A pitch-lag-flap instability of a light conventional rotor in hovering
was discovered at ASP and subsequently analyzed (Ref. 15). Similar experi-
mental results obtained with a model were reported in Ref. 16 and# in addition,
forward flight was found to have a destabilizing effect.

Reference 17 contains the derivation of equations of motion for bending
and torsion of a rotor in forward flight - the mechanical terms being the
same as those derived in previous analyses for the hovering case (e.g.,
Refs. 5, 9 and 10). Reversed flow effects were included in the quasi-static
aerodynamics. Solutions for first torsion flapping-first bending flutter were
obtained by numerical integration of the equations, The shaft rotational speed
was fixed during the calculations and the advance ratio was increased until un-
stable motions were found. Reasonable agreement was shown between two flutter
points obtained with models and calculated results at very high advance ratios
(*->1.0). No calculations or data were presented for flutter at lower
advance ratios.

Although the above-mentioned investigations have provided some forward
flight flutter data, there is still little information on how forward velocity
influences the critical rotor speeds for flutter in the coupled flapping-
pitching mode or coupled flapping-pitching-bending-twisting mode of a conven-I ,nal rotor. Furthermore, no known data exist that cover advance ratios
corresponding to the present practical flight regime - 09<40.4. The results
of flutter investigations for rotors in hovering flight show that the flutter
characteristics depend principally on the effective c.g. position, the general-
ized mass parameters, the uncoupled natural frequencies of the blade modes,
and the collective pitch angle. The trends of the effect of c.g. position,
the blade mass, and blade natural frequency (i.e., properties that could be
determined in a vacuum) would be expected to be similar in the forward flight
case to those found in hovering. Aerodynamic effects, however, are quite
different in forward flight due to the cyclic change of the relative tangential
velocity at the blade, the unsymmetric induced velocity distribution, and
the rotor disk angle of attack. Both the relative tangential velocity and
induced velocity effects are functions of the advance ratio parameter and
this latter parameter represents the major difference between hovering and
forward flight aerodynamics. Also, the rotor disk angle of attack results in
a change of the "wake spacing" of elements of shed vorticity due to a change
of the transport velocity relative to the plane of the rotor disk.
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It was noted in Ref. 11 that the flutter motions occurring in forward
flight were not pure sinusoidal motions but were irregular without a well-
defined frequency. The irregularity of the motions and stresses is not sur-
prising since they result from the superposition of flutter motions whose
frequencies are not necessarily integral multiples of the rpm on the normal
forced response in forward flight.

Theoretical investigations have been made of combined flapping and
bending instability of a rotor blade in forward flight (Ref. 18) In-
stability at high advance ratios (A ' 1) was shown to be possible for the
mathematical model chosen. It is reasonable to expect that this instability
would be more critical if adversely coupled with blade pitching or torsional
motions.

It is evident from the above review that little data existed on the
effects of translational velocity on helicopter rotor blade flutter char-
acteristics prior to the experimental phase of the Ref. 1 program and that
few theoretical analyses of the problem had been made. In particular, no
experimental or theoretical results were available in the practical helicopter
range (0.15!/A -- O.4). The present program is essentially a continuation of
the work reported in Ref. 1. Techniques and equipment employed were substan-
tially the same. Discussion of these is incorporated in this report for the
convenience of the reader.

j Blade chordwise center-of-gravity position, collective pitch angle, and
pitching natural frequency as well as advance ratio were varied during the
flutter tests.

These same quantities (except collective pitch angle) were also varied
in the theoretical calculations. Effects of reverse flow were incorporated
in the aerodynamic force expressions and their influence on the theoretical
flutter boundaries was determined.

3



II. TEST APPARATUS

The test equipment used in the present program consisted of a single-
bladed hydraulically-driven rotor mounted on the tower of the Small Rotorcraft
Test Apparatus (Figs. la and 1b). This same equipment was used to obtain the
experimental results reported in Ref. 1.

The Small Rotorcraft Test Apparatus (Ref. 19) was built by CAL under
the sponsorship of the Army Aviation Division of the U. S. Army Transportation
Research and Engineering Command for making force measurements on small
craft or models at low speeds. Mounted under the trailer is a 375-hp engine
for driving the model or machine being tested (Fig. 2). Two -10-volt 60 cycle
gasoline-driven generators, one having 1500 watts and the other 3500 watts
output capacity, are mounted under the floor of the trailer. A hydraulic pump
to operate the pitch strut and the tower extension strut is mounted under the
trailer bed. During the present program, the trailer tower was used in its
lowest position, and the pitch angle of the pylon was varied. Figure 3
shows the tractor used to pull the trailer. The test conductor sits in the
tractor facing aft, and from this position he can observe the model and
operate its controls.

The rotor head (Fig. 4) had been used during previous programs to obtain
the flutter data in hovering reported in Refs. 4, 6, 7, 9 and 10. The blade
had been flutter tested previously in hovering (Ref. 10). A motor-driven cam
was used to disturb the blade in pitch. This device had also been used in
previois tests (Refs. 4 and 6).

The rotor is mounted on a drive shaft that is supported by bearings at
each end of the rotor pylon (Figs. la and lb). A slip ring assembly is
mounted on the drive shaft under the lower bearing. The rotor drive shaft is
driven through a flexible coupling by a 29-hp hydraulic motor. The hydraulic
motor housing is supported by trunnion bearings on the top of the tower of
the Small Rotorcraft Test Trailer. A hydraulic strut pinned to the hydraulic
motor housing and the tower is used to change the pitch angle of the pylon
(Fig. la).

Hydraulic power to drive the motor that is connected to the rotor drive
shaft was obtained by mounting a hydraulic pump at the base of the trailer
tower and driving it with the 375-hp engine (Fig. 5). The speed of the
hydraulic motor can be controlled by varying the stroke of the pump or by
changing the speed of the driving engine.

The blade used to obtain the flutter data is designated as Blade No. 4.
in Ref. 10. Its properties are tabulated in APPENDIX I of this report. Blade
chordwise center-of-gravity position was adjusted by means of lead weights

4



housed in a cylindrical pod at the blade tip. The blade is instrumented with
strain gages to measure bending moments at five spanwise locations. Pitch
and flap transducers are mounted on the rotor (Fig. 4). The signals from
this instrumentation are carried through the slip rings to a recording
oscillograph that is mounted on the trailer (Fig. 6). The hydraulic controls
for operating the tower extension and pylon pitch struts are also shown on
Fig. 6o

k

1

I
I



mN

III. FLUTTER E' ,RNTS

A. Technique ,ctai

The same technique and pitch trip actua ha -Iwd been used previously
in model flutter studies (Refs. 1, 4, and 6) ., therefore, are described
only briefly in the following discussion.

In order to excite the model and subseqi. .,tlky determine the proximity
to the flutter boundary, the pitch of the bli i,...was increased several degrees
above the nominal value by means of a motor- , v yn cam and ,then suddenly
released. The motions of the blade would dari ' it if the model were rotating
with an angular velocity below that required' oi sustain flutter. Rotor
speed was increased in increments and the process repeated until the angular
velocity of the rotor was a small amount greate , than that at which blade
motions damped out, and the blade motions persi ,ed at almost constant ampli-
tude. The oscillograph was started, and rotor ;ieed irs slowly decreased
until flutter motions damped out. The conditiObit exIsting just before the
motion started to decay were considered to be t'- flutter conditions.

Since the purpose of this investigation wai tc t- the ,effect of

forward velocity on the flutter of a single-bla , ")-'ur,, te,.--'s wereO first
made with zero or near zero forward velocity to, st .ish a reference flutter
condition.

Flutter tests were conducted at the Niagara F ±i Muricipal Airport
on the East-West taxi strip. The velocity and OL rv ti(, of the ambient wind
limited the lowest forward flight speed at whicl "t, , ts could be conducted.
Tests were not attempted unless the angle betwee' tfi resultant wind velocity
and the plane of symmetry of the model was less (1hC, fifteen degrees. This
arbitrary limit was set to avoid the introductio c" - an additional test
variable-lateral shaft tilt. Runs were made wit,- t 'e model faced into the
prevailing wind and with the apparatus stationar, i obtain the lower range
of test forward flight velocities*

B. Range of Experiments

Test1 were conducted for a range of equivali ,A center-of-gravity
locations from 0.36 to 13.9 percent chord behinir 4he pitch axis. The pitch
axis was at the 25% chord line.

• Equivalent center-of-gravity location is a corvc aient means for presenting
the blade pitching-flapping inertial coupling - 1. ., the product of inertia.
It is defined as the chordwise c.g. location of a ;;'ctangular blade having a
uniform mass distribution such that the ratio of )Ie pitching-flapping product
of inertia to the flapping inertia in the sme as,( Fhat of the nwn. .nifozu blade
being studied:

6



1

B. Range of Boarinents (,'.nt 'd)

The advance ratio rang .',was zero to approximately 0.7. Flutter tests
were conducted for shaft :l?;bs between 4 and 12 degrees. Collective pitch
angles ranged from 3 to 8' ,ees.

The ratio of the noneoa,.a ,ing bending frequency to the nonrotating pitching
frequency could be varied fhco', 0.6 to 1.5. The primary means for varying
this quantity was the sprini, 3tiffness of the pitching mode.

Approximate Stall rei gnrt were computed for the retreating blade tip
and are shown on Fig, 7a,., _' u :ctions of shaft tilt angle, oC , and collective
pitch angle, 0. It was a',8i'ed that the stall angles of attack are + 140.
Linear aerodynamic theory wils used to calculate the conditions at which these
aerodynamic angles of attach were reached. The regions between the lines/-,--
const' n, represent instal!,i I cperation. The model blade tip was unstalle in
the tri iacondition fo' -,!1 '-he data presented and it is doubtful that any local
stalling due to the fluter, motions affected the results.

C. Experimental Flutter Resui ls

The experimenta flutter lata are summarized on Figs. 8a - 8e. The
various shaft tilts '( from 40 ,"o 120 nose-down tilt relative to the wind) at
which d.a werj obhtinud are r .t shown on the figures since the effect of this
parameter was hidden in the P,'tt r of the flutter points.

Data obtained with blade ,ea'ly mass balanced (equivalent c.g. 0.36%
chord behind the quarter chord . 'e shown on Fig. 8a. The ratio of the
nonrotating pitching frequency, e,j to the shaft speed, LL , at which
flutter occurred was n.,ensitie 1,0 shaft tilt, advance ratio, and bending-
to-pitching frequency rat.io ovcr 4 he range tested.

F igure 8b shows the. flutte.: ata obtained with the equivalent c.g.
approximately 4% chord behind tie pitch axis (25% chord). The shaft speeds
at which flutter occurred for @ g. yen pitching frequency were reauced compared
with those for the more foracg,' c,g. location (Fig. 8a). Again,advance ratio
and shaft angle and bending-to i ,ching ratio had small effects on the flutter
characteristics.

Flutter points obtained wi-,h :equivalent cog. approximately 6% behind the
quarter chord are shown on Figs. c and 8d. The data obtained at relatively
low collective pitch angles (i!., 8c) indicate a decreasing flutter speed (-fL)
with increasing advance ratio fi r a fixed pitching frequency. Shaft tilt
and frequency ratio again had r,.l. tivey small effects. Figure 8d shows
resiiits obtained at somewhat hikh,r collective pitch angles. Comparison of
Figo. &c and 8d indicates that fhi higher collective pitch angles produced
lowor flutter speeds in the lowS. range while practically no difference

7
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assignable to collective pitch can be observed forA.4> 0.3.

Test result for the most aft e.g. location (approximatey 14% behind
the pitch axis) are shown on Fig. 8. Both advance ratio and bending-to-
pitching frequency ratio had appreciable effects.

I
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IV. DISCUSSION OF ANALYSES

A. Equations of Motion

The method of derivation of the equations of motion used in the present
program follows that used in the previous CAL studies of blade aeroelastic
characteristics (e.g., Refs. 1, 5, 7, 9, and 10). The mass and elastic terms
are not rederived in this report, since these terms are identical in hovering
and forward flight. Similarly, the quasi-static aerodynamic terms arising
from the translational velocity were previously presented in Ref. 1 (with
reversed flow effects neglected) and are easily derived by an extension of
the basic analysis of Ref. 6. The equations of motion and the expressions
for the generalized mass, elastic, and aerodynamic coefficients are summarized
in APPENDIX II. A correction factor to approximate the principal Mach
number effect (i. e., on the lift curve slope) has been indicated. The
inclusion of even this simple factor and the effects of reversed flow over the
retreating blade greatly complicates the problem. Mach number effects were
not included in the calculations made for the blade used in the present
program, since the Mach numbers reached during the tests were low ( M < 0.3).

It must be noted that there is no substantiated theory for the pre-
diction of either the steady or unsteady aerodynamic forces on a helicopter
rotor blade in forward flight.

B. Aerodynamic Coefficients for Reversed Flow Region

A helicopter rotor blade in forward flight experiences a periodic
tangential velocity arising from the flight speed superimposed on the
tangential velocity due to rotation:

where the azimuthal angle, % , is measured from the downwind position and
the positive direction is the direction of rotation of the blade. When
VT< 0 the flow regime is termed "reversed".

The boundary at which VT = 0 is a circle of diameter/" R with its

center at )0 3 77 , r X/UR. Within this circle, the lift is

2
negative and the static aerodynamic center is at the 3/4 chord of the blade
section.

In order to extend the theory developed in Refs. 1 and 6 to account for
the reversed flow effect, a correction factor was added to the sectional aero-
dbnaic lift equation. This factor subtracts the portion of the lift due to

)9
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norml flow and adds terms due to reversed flow. Let the lift be considered
to consist of two parts :

P M PNF + A PRF (1)

where
P m resultant lift

PNF - lift in the absence of reversed flow

A PRF = lift correction due to reversed flow

then
F RF NF + P  

(2)

It is understood, of course, that this correction is applied only in the
region VT< O.

Identification of the terms in the lift equation that are affected by
the reversed flow regions was accomplished by writing the lift equation for
reversed flow and comparing it with the expression obtained when VT > 0. This
is substantially the same procedure used in Ref. 17. For VT > O, the lift
equation is

710L~r + 3 0-LV -0 j (3)

For VT< 0 ( i.e., reversed flow region),
kk o-v ?f-<

7rip ~ V; :; P- (j4)

It is seen that the signs of therZc andi- terms became negative in the
reverse flow lift equation. By identifying these terms in the theory (Refs. 7
and 17), the equation for the perturbation lift of a blade element operating
in reverse flow and correction terms indicated by Equation (2) was obtained.
By means of the same procedure, it was found that for a flat plate airfoil
there are no changes in the signs of the terms in the equation expressing the
moment about the mid-chord of the blade.

10



The correction terms appear as integrals over the interval r to
sin in APPENDIX II. Evaluation of the integrals leads to periodic force
expressions since the upper limit is periodic.

When (at an element of the blade) Vf sin O _fl-' i.e,, VT - OJ

the angle-of-attack of the blade may be considerably larger than the stall
angle and the blade lift will be reduced. The lift curve slope was carried
in the reversed flow aerodynamic coefficients as a parameter in order to
permit study of this nonlinear effect at some future time.

C. Flutter Calculations

The equations of motion for flapping, pitching and bending given in
APPENDIX II were programmed on an analog computer. In order to reduce the
problem to a size which was compatible with the available computer facilities,
the following engineering approximations to the problem were made.

a. The effects of the blade torsional degree- '-freedom were neglected.
b. The effects of aerodynamic coupling between the blade flapping and

bending were neglected in the reverse flow terms.
c. The effects of terms of higher harmonic order than 4 (e.g., cos 5

sin 5 , etc.) in the terms describing reverse flow were neglected.

It is believed that the accuracy with which the flutter boundaries for
the model blade are predicted is not significantly altered by these approxima-
tions when the advance ratio is that characteristic of foreseeable helicopters
( say,/.- < 0.7).

Reversed flow aerodynamic terms for the bending generalized coordinate
were generated 1y using an approximate mode shape (cubic). This procedure
permitted closed form integration and greatly simplified the introduction
of the upper limit, /- sin .W (see APPENDIX II).

Since the blade encounters reverse flow only on the retreating blade,
it is necessary to switch the reverse flow terms into the equations of
motion when 7r< )0 <an-and out when 0 < Y"Iy- . This was accomplished by the
use of electrical relays in the analog computations.

The solutions obtained on the analog computer are presented on Figs. 9a
through 9i. The ordinate, /. , is directly proportional to 1 for a

fixed nonrotating pitch frequency. Hence, increasing values of the ratio
correspond to decreasing flutter speeds, _-ft , when the pitching frequency,

WZu, is specified. For each of the three center-of-gravity positions
studed the effects of bending-to-pitching frequency ratio and reversed flow
were obtained.

t, 11
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Calculated results for the most forward equivalent center-of-gravity
position ( 5E /c -'0.0036 behind the pitch axis) are shown on Figs. 9a
through 9c. Curve A on Fig. 9a was obtained with reversed flow effects
neglected; Curve B was obtained by using the assumption that the forces
generated in the reversed flow region were zero, and curve C was obtained
when linear aerodynamic theory (see Section IVA) was used to represent the
reversed flow aerodynamic forces. It can be seen that the effect of including
reversed flow terms in the computation is to reduce the shaft rotational
speed at which flutter is predicted. For this particular case reduction is
relatively small until an advance ratio of 0.65 is reached. Both with and
without reversed flow the calculated flutter speed at /-C - 0.4 was approximately
15% lower than that at/4A= 0.2.

Comparison of Figs. 9a, 9b, and 9c indicates the effect of the ratio
of the nonrotating bending frequency to the nonrotating pitching frequency.
The lowest frequency ratio (Zo,/0 - 0.585, Fig. 9c) indicated the lowest
flutter speed in the low/,- range. or this particular case the bending
frequency is near the flapping frequency (the rotating flapping frequency
ratio being constant and equal to one, of course). Effects of reversed flow
and advance ratio are roughly the same for all these frequency ratios.

The peculiar shapes of the curves on Figs. 9a, 9b, and 9c indicate that
the aerodynamic terms introduce complex phase shifts that are functions of
advance ratio.

Figures 9d through 9f show the calculated results for an intermediate
center-of-gravity position (, /0 - O.04.j,) for three bending-to-pitching
frequency ratios. Effects of reversed flow were relatively minor up to an
advance ratio of approximately 0.5. Distortion of the theoretical curves
occurred as / was decreased. An appreciable decrease of the flutter
speed was obtained at A 0.6 for 'Z / = 0.947 when reversed flow effects

were included (Fig. 9e). Figure 9d, on the other hand, indicated that flutter
speeds in the range 0.3< A-< 0.5 for4 /Z", 0.583 were higher than the
flutter speed at 64 0.3. to

Results obtained with the center of gravity most aft ("'t* - 0.139)
show the most sensitivity to 0,/A and advance ratio (Figs. 9g through
9i). Figure 9g again shows a comparison between the results obtained with
different assumptions with respect to the aerodynamic forces in the reversed
flow region. Neglect of reversed flow usually gives the highest value of the
shaft speed at which flutter occurs. Results obtained by assuming the aero-
dynamic forces in the reversed flow region are zero indicate a lower flutter
speed while inclusion of fully effective reversed flow aerodynamic forces
yields the lowest values of -L

12



For Z(Cj/4.7 1.55 (Fig. 9g) and 0.629 (Fig. 9i) the theoretical curves
indicate a rapid decrease of flutter speed with advance ratio. For lollqC 1.11

the decrease of flutter speed with increasing advance ratio is less pronounced
(Fig. 9h) -- in fact, the trend is reversed in a narrow range at an advance
ratio of approximately 0.5. Both Figs. 9h and 9i indicate some conditions
for which the blade is slightly more stable with reversed flow effects
included than with reversed flow neglected.

I
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V COMPARISON OF EXPERIMENTAL AND CALCULATED RESULTS

Comparisons of experimental and calculated flutter boundaries are shown
on Figures 10a through lOc. In general, the calculated results are conserva-
tive, i.e., the predicted shaft speed for flutter is lower than that observed
in the tests.

A comparison of the results obtained with the blade nearly mass-balanced
is shown in Figure lOa. This plot is a combination of Figures 8a, 9a and 9b.
Predicted degradation of the aeroelastic stability with advance ratio was not
observed--at least over the range of advance ratios investigated. The calcu-
lated flutter boundary is conservative even when reversed flow effects are
neglected.

Figure lob presents a comparison of the measured and calculated flutter
boundaries for an intermediate c.g. location,Z/,c - 0.04. Again, the
experimental data show no sensitivity to advance ratio while the theoretical
results indicate a decreasing flutter speed with increasing advance ratio.
The theoretical results are quite conservative over the range covered by tests.

Experimental and theoretical results for Z, ,/c - 0.139 are shown on
Figure 10c. The experimental data show a decreasing flutter speed with in-
creasing advance ratio similar to that obtained in the theoretical study.
The calculated results are conservative over the range of the test data.

I
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VI CONCLUSIONS

1. Advance ratio had little effect on the shaft speed at which flutter
was obtained experimentally when the blade was nearly mass-balanced--
at least, up to an advance ratio of approximately 0.5. As the mass
unbalance was increased, the flutter speed became more sensitive to
advance ratio and decreased with increasing advance ratio. The same
trends were observed in the theoretical results, but the agreement is
only qualitative.

2. Bending-to-pitching frequency ratio had little effect on observed
flutter speed for the range of conditions tested (0.6< ,/ !t< 1.5).
Whatever effect existed was obscured in the scatter of the dat a.
Theoretical results showed a sensitivity to this ratio that varied
with unbalance and advance ratio.

3. The theoretical results were conservative for all combinations of
unbalance, bending-to-pitching frequency ratio, and advance ratio
encompassed by the test data.

4. Collective pitch angle had an observable effect on the experimental
flutter sveed at low advance ratios, but this effect disappeared at
moderate advance ratios ($U> 0.2). It is possible that blade stall
partly influenced the experimental observations, since the amplitudes
of the pitch motions were relatively large. Collective pitch effects
were neglected in the analysis, since the quasi-steady aerodynamic
theory used indicated these are second-order effects.

5. It is difficult to define experimentally a flutter boundary as a
function of advance ratio, because the flutter motions are super-
imposed on the forced response motions.

6. The calculated effect of reversed flow was to decrease the shaft
speed at which flutter occurred for nearly all blade configurations.
The magnitude of tW s effect varied with advance ratio, bending-to-
pitching frequency, and blade unbalance. Inclusion of reversed flow
effects did not improve the agreement between the experimental and
theoretical results. That is, the theoretical boundary was conserva-
tive even when reversed flow effects were neglected.

7. Extreme caution should be exercised in the extrapolation of the experi-
ental results obtained to rotors having mass, elastic, and geometric

properties appreciably different from the test configurations.

15



VII RECOMMENDATIONS

The scope of this investigation was so limited that many potentially
important problems were not attacked. Some of these are contained in the
following list:

1. An unsteady aerodynamic theory should be developed for rotors
in forward flight.

2. An experimental and theoretical investigation of the effects
of Mach number on rotor flutter should be conducted.

3. Means for predicting contours of constant damping (as opposed
to the contours of zero net damping--the flutter boundary)
should be developed and substantiated.

4. Stall flutter should be investigated.

5. A theoretical and experimental study of the aeroelastic char-
acteristics of VTOL/STOL rotor-props should be initiated.

6. Aeroelastic studies of unloaded rotors operating at very high
advance ratios 1 1) should be undertaken.

16



APPENDIX I

MODEL PHYSICAL CHARACTERISTICS

0.o7 79 F-T.- &=-

P:tAP AXI/

BLADE PLAN-VIEW DIMENSIONS

IThe above diagram shows the plan-view dimensions of CAL Model Blade 4.
The properties of the blade and hub are summwarized in the following tables:

Table I.1 Section Mass and Stiffness

Propertes for CAL Model Blade 4.

Table 1.2 Blade and Hub Properties

Table 1.3 Hub Inertial Characteristics.
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TABLE 1.2

BLADE AND HUB PROPERTIES -- GAL BLADE MODEL 4 - NOD

ITEM VALE

Elastic Axis Location (Uniform Part of Blade) 41.0% chord

C.G. Position (Uniform Part of Blade) 42.5% chord

0h ? A 0 0 0 * * * * & a * . 0 .1 8 7 s l u g s f t .

* * 0.& . * . . * . * & .. 0.00038 slugs ft.2

,,,,, 0.0103 slugs
e . . . . ......... .0. . . . 0.00006 slugs ft2

0 . . . . .. .. . .. . . . . . . -0.00006 slugs ft. 
2

1",,, • 0 • • • • .. . . . -0 .00 28 slug s ft 2
-0.0028 slugs ft.

S0 a , " 0 . . . . . . . .. . . . -0.00017 slugs ft. 2

. . . . . . 0 . . . . . . . . -0.00017 slugs ft.

I o ,:- .. .. ... . . . . . ..-. . 0.000008 slugs ft.2

, . . . . . . . . . . . . . . . -0.00002 slugs ft.

-0.000073 slugs ft.2

*Includes blade and part of hub that pitches.

19
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TABLE 1.3

HUB INERTIAL CHARACTERISTICS

I-2
A Z'V. m 0.034i1 slugs ft.2 (all parts that flap)

TZ- 00.00205 slugs ft, 2 (atthat flaps but does rnot pitch)
2A r., 0.00009i slugs ft. (part that pitches)

zjr' 0.000073 slugs ft. 2 (part that pitches)

z (root) - Zz 0.00212 (slugs ft,2)

20



J APPENDIX II

EQUATIONS OF MOTION AND GENERALIZED CODTICIENTS

This appendix contains the equations for the pitching, flapping, bending
and torsion degrees of freedom and the expressions for the coefficients.
These are arranged in the following tables:

Table II.1 - Equations of MotionI
11.2 - Generalized Mass Coefficients

11.3 - Generalized Centrifugal Force Coefficients

11.4 - Generalized Gyroscopic Coupling Coefficients

II.5 - Generalized Aerodynamic Coefficients

The preceding were derived in a manner similar to that described in
Reference 7. Underlined terms in Tables 11.2, 11.3, and II.4 are functions
of the static deflections of the blade.

The lift curve slope appears under the integral signs in Table 11.5
to indicate that it is a function of radial (and azimuthal) position when
ohe Mach number effect is included. It is anticipated that the Prandtl-
Glauert correction will be suitable for the range of section Mach numbers
anticipated for helicopter rotors (Reference 20): Z=.

II

If 21.
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TABLE 11.1

EQUATIONS OF MOTION

[T, 1-~,~a-[nl4A# + [n'( T7 1)- -A# -iKcp-r-,,sawr -41wil

+ ?k A~k- [n ZG^AApUmswvJi# .fi'(f In* T)-Ak C; 5,,j -S;Vmzp,]Ji

*[?%,~-Aq]i4 - ClCqA##4swys~jd4 .fn'(y 'r - Scg itaapwm -~ cst~r) '0 (

4?7N-A1J4 ZA..S.&'wiM.J(A -TJ-AAM4QV -5Swrs -4/slvpjl .

+ [ 1;- A i~ L1GqeA.A+ SQ 4,pW *Ua'(*'-T.)-A. C l Spw 4-CA/wz4J . ()

+[Vv-Aqt]# - [nG Ad#;~jmu~#it~4n -Z,Aq - ,cvy&;saw _4(gaSWVWr~

+ N44-At a W6 A 4 0 s* +i4t( 7 TLYA~ 4k#~a sm f -QC/ tr7Ji o

*I-A-Wv- .Aus~a Ci1(x -t.0 4u uswp F C/Cfz

#[j -A LZG A#4 .&4,m sp 4 .ff(kr -TM A *C ,m -&opf -c s rIm .0 ()
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TABLE 11o 2

OWLELIZED MAS COEFFICIITS

Mp ,• Ir +Iz, (root)

Mt,* ., + .) r mmd

M *.-JipR , , ,/ I. v

Ni M x, I , Afe

jM uJmdr J,( z root)
er

M 0 -ih) 1.,M+..- se'%. ,, .

Met. Mo,

Me,#* dr dr /e d

Notes

Integrals in Me.,. M , md 4 inolud tbs fftotog 13

of the root fitting which flap while integral. In Ma, # foo md
only Include the parts of the root fitting which both pitch and flqe
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TABLE 11.3

GENOULIZED CENTRIFUOAL 7MCE COEFFCIEITS

O1.. 'Tz (root) - I,.

It

Tm-f X,4 Oa.)r rnd

To -rf, d fr * . ~vd

itot

TA T(%

T TZ +/jtfdr,4~fdrA4 .. f,* fmdrOnd

it~d Ar' 9,Af$Yd



TABIE II.4

G.NERALID OYROSCOPIC COUPLING COEFFICIEN S

e -o -
eclet, =o

Goo = df(,sr f,/ r

0.

- e.0 - 2

eG~~ 0

a 0

p o

CP,,0. -& L G,

9 G~O a - & CV1,0,

a CO&. ao

ite~ -O 0

This to might be neglected. It would be sero It the mull bending do.

fleotion asoiated with the tlqppng mode were inolded in the anali s.



TABLE 11.5

AoA -jc fa r'dr fff(a,,+ a)br~dr

p -,uRss: it

fiLRefabrldr *eflf (at, + a)br'dr

fiZt~(t *)lr-oJ(at, +a) Qr'dr + ~-a~(app -a)er'dr

Coo _naRfahr'dr etn'Rf(aa,.,a)brdr
S,5  .Ca( krd A* r. i~f'd &Rsv r -AORSi0'

a'Rfa(Q~~rr +tr odr-f4)'R(a.+&)bQrdr +. erflpfiaw,-a)b'rdr

S,, Tn -tlRefairdr -Irf2Raf(a.,+a)brdr

AfL ire fvbQrdr ref'rJrARlr*~SW

l.rj4 b -i)r'd n fi ldteflf(a,.a) b~rdr + efi~a, -a)bradr

Sj& Rea b(Qr ,'rflRIebrdr -n (a
pj (a., + a)bQrdr jffa,-a) brdr

'I.- smp -,uRswe

A,. eJ bd .. ff(a. a)br'dr -1 De R jfiar,,a)brdr

Sp n'R I Ra h rdr n&efRf i'aa.7) ab rdr
C

. tR a hdr +enja,wifi*pfR (a )brdr
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TABLE 11.5 cont'd.

Ir - h ve'rdr

S4*-iRtqah lrdr .eflRJ~A.. 'va)f.,brdr

Ag Ie(41+ 6 A rdr -pI br~dr +ea (a,)LbpRj

7 d.Laifabrar -AI-RSD !a ir

h r df "- rdr -~* "~tO -d dr +acjr Z~lJQa~ ad

flR ~fa )-jrdr QbRJrdr )"N/brd

i-I"R~ejpb rdr + nfifiava+ a)bbdr
AO4 ua zabQ-t ~)rd n/ardr -eTra,.aA4rd

Ao4 Re J..b (Q. ) f rdr * TL-ffi f(Q, )b d-.. br~ ef a d -e2 f a x,, fbrdr 4 I .+~ brd
A04 a/hf.[4b -eflfa-a)r +rh rd ffal

S04 - a~ffab(Q-1+-bf.,rdr- rr p~jbnuJr -f2a, + ) A dr Zf~tw ~.b

* fl'Ref/abradr -2 p2 f)(a, + a)(fgbr adr

.LLR eJ4borr 4e12,k'f(aa, +a)f4brdr
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TABLE 11,5 cont Id.

Aq-nfaQrdr F 1ef,6r'dr -paff(a.,+a)Qbrdr

nefab19.+, -
+nef _r _+R/2lrry'__

3 eD. feab 0rdr - 'rf2Rpfb'rdr -efl~f(az,+a)Qbrdr
SIT .AiRsm v AIt

A9 4e ra bO (O X* rdr -t rr-a" J b'Qrdr + eff (a + a)Qabrdr 14 a. - a)Qrdr

Co IaRfabi rdr - ir flzR rilfbtrdr -pf2aRf (a. + a) Qbrdr
t r. r.

S, '- 1Ref abQQ N +P)dr + olRf(a.,. a) Qbdr -D .eRJ a., -a) Qbdr

trS fbd I~4 r D.R'ef b'dr I'2 fl Rl fja. +a)Qb dr

A0. , lpf a bQ0(Q+ 27) rdr *eflf(a,,.4a)Q'brdr -+ff(a., - 2)Qgrdr
v -#smV -A R3af pr

- -flRef abO(Q .4)dr +eflRf (a .+a)Qbdr --,ef2Rf(a.,-a)Qb'dr

A 2 fisfab~~dr+ r~n'eh'rr efl''(af~a)Qbrdr

R2 b + +f WR ~f'f(a. + a)Qrdr
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TABLE 11.5 cont'd.

5 - fl'Rfbd I Ttn'kefr_'dr .epl2lRfia,,+a)Qbrdr
/a4q re *Rsrn O'C~ l t pa~r ri'<f 1 1r--f'Rf(a,. a)QObdr

As Tfpf4 dr

A " nef abQf#rdr - r.efb'frdr -e2f(a,.a)fo.Qbrdr

+ 12 ~r# Ra - / r'dr

.LRpefaD(4f. r - 7r-fRefb Poodr f IRf(a4..a)f.Qbdr

fd

84 -j~ r d

Aq ijbQ (- 4~rdr ,n'e hl e, rdr *efl ( a, a~j b rdr

r + 1jah -vdr

ro e+~s, dr . dRrr

S8 a 1  *?fjd rAR rn f(a4,,.a4)2 kQ'bdr -cRfa-)Qbd
a ~- ~~f abr drI'~~a,4I~Qd
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TAKlE 11.5 cort'd.

Ao - nrpfb'Q(Q -tVfdr

aJQ(Q-iM )f.~rdr - ?rfefbVf.rdr -rd -pR3INa~q~rd

Le 84b-a8*v-M$i

.a Ria b Q (Q-.)dr - 7trJRfblf.dr +pflRf(a., +a)x,4Qbdr - # 4ofRf (a.:- a)fQbdr

A fl /abQf,,ir r br'dr +C1e2tf(a,..+ a)fq 0brAdr

S 112. 2bfd rr faRef b' f.rdr +Zr~f tRf (a, a)fQbrdr

4

A# -rrefbA0, rdr

84

A-.a ejabfArdr +,fflf(a,a)4rdr
r e a m , -o -s a a i f

A -:fl~a frQ t)Rdr -rdfoabrfQrd dro2'~
s o r - - wo'- Ao~ o f b '

JLQrjI+urIrd f'f( 4 .a)k rd 'pfa.a#Xr

coo~eQfa -4)4afod -ef2fl 8Rf+aau,- ar
r e r e 6 7 , R 3 1 f o

So' .f12ARf a bf#,dr .eD R ft a, a) f. bdr
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TABLE 11.5 cont'd.

.41
4L4

'44 1 +4

aC
C:~

-40

-ot cs
c;~a 4- ~ C:h

'4~ ~-31



TABLE MI.5 cont'd.

Is.
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-45
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TABLE 11.5 cont'd.

A14  -flf Jb( Q-1)(Qxij),'*rdr

5. -i~ja(QIQ 2+~Y~d +fRf(afti +a) b (0-1) x f,,dr - PaflR(,. -a)bt(Q -I)f,&

Aq~ : - 14/ b (Q 1)'r adr ir14fblfaradr effa~.~b (Q -2) f."r'dr

sd -(tRgfab(Q-ffrdr + zrrfl'Rgfb'rrdr I pR~ , abO-tfi

Z P I(a, t )QN)flrdr
too
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